Kuwada S, Bishop B, Alex C, Condit DW, Kim DO. Spatial tuning to sound-source azimuth in the inferior colliculus of unanesthetized rabbit. J Neurophysiol 106: 2698 -2708, 2011. First published August 17, 2011 doi:10.1152/jn.00532.2011.-Despite decades of research devoted to the study of inferior colliculus (IC) neurons' tuning to sound-source azimuth, there remain many unanswered questions because no previous study has examined azimuth tuning over a full range of 360°azimuths at a wide range of stimulus levels in an unanesthetized preparation. Furthermore, a comparison of azimuth tuning to binaural and contralateral ear stimulation over ranges of full azimuths and widely varying stimulus levels has not previously been reported. To fill this void, we have conducted a study of azimuth tuning in the IC of the unanesthetized rabbit over a 300°range of azimuths at stimulus levels of 10 -50 dB above neural threshold to both binaural and contralateral ear stimulation using virtual auditory space stimuli. This study provides systematic evidence for neural coding of azimuth. We found the following: 1) level-tolerant azimuth tuning was observed in the top 35% regarding vector strength and in the top 15% regarding vector angle of IC neurons; 2) preserved azimuth tuning to binaural stimulation at high stimulus levels was created as a consequence of binaural facilitation in the contralateral sound field and binaural suppression in the ipsilateral sound field; 3) the direction of azimuth tuning to binaural stimulation was primarily in the contralateral sound field, and its center shifted laterally toward Ϫ90°with increasing stimulus level; 4) at 10 dB, azimuth tuning to binaural and contralateral stimulation was similar, indicating that it was mediated by monaural mechanisms; and 5) at higher stimulus levels, azimuth tuning to contralateral ear stimulation was severely degraded. These findings form a foundation for understanding neural mechanisms of localizing sound-source azimuth.
the full 360°of azimuth is tested: the maximum response must be connected to the minimum response. Third, the bulk of the studies did not systematically test the effects of stimulus level. Although it is generally recognized that azimuth tuning broadens with increasing stimulus level, the magnitude of broadening and the level tolerance of different neurons is poorly understood. Fourth, only two studies (Delgutte et al. 1999; Poirier et al. 2003) examined azimuth tuning to binaural and monaural stimulation. This comparison is a good first step to elucidate the mechanisms underlying azimuth tuning, because monaural stimulation is devoid of any potential binaural cues. The extent to which azimuth tuning to binaural stimulation is disrupted under monaural stimulation will indicate the importance of binaural cues. To understand azimuth tuning, all of the above factors need to be simultaneously addressed. There is no single study that achieves this goal. These deficiencies collectively constitute a major void in our understanding of neural coding of sound-source azimuth in the auditory system.
To fill this void, we conducted a study of azimuth tuning in the IC of the unanesthetized rabbit. We used the virtual auditory space (VAS) method because it is an efficient way to control sound source location and because it is ideally suited to compare responses to binaural and monaural stimulation. We tested azimuth tuning over a nearly 360°range ( Ϯ 150°) of azimuths and over a wide range of stimulus levels (10 -50 dB re: neural threshold) to both binaural and contralateral ear stimulation. The VAS method is ideally suited to perform such comparisons because binaural and monaural stimulation is easily accomplished in virtual space. The VAS method has been proven to be a valid method to study spatial tuning in humans (Kulkarni and Colburn 1998; Wightman and Kistler 1989) and in neurons (Behrend et al. 2004; Campbell et al. 2006; Keller et al. 1998) .
METHODS
This study was approved by the University of Connecticut Health Center Animal Care Committee and was conducted according to the NIH guidelines. Neural recordings were performed in two female Dutch belted rabbits (1.5-2.5 kg). Surgical and experimental procedures have been described previously (e.g., Batra et al. 1989; Kuwada et al. 1987) and are only briefly outlined below.
Surgical procedures. All surgery was performed using aseptic techniques on rabbits with clean external ears. Under anesthesia (sedation: acepromazine, 1 mg/kg sc; anesthesia: 1.5-4% isoflurane inhalation, 1-2 l/min oxygen), a brass plate with three threaded inserts (6-32) was anchored to the skull using screws and dental acrylic. At this time, custom ear molds were made for sound delivery using dental impression compound (Reprosil). We then made head-related transfer functions (HRTFs) in an anechoic chamber over a range of azimuths:
Ϯ150°in 15°steps at a distance of 80 cm (see Kim et al. 2010) . After these acoustic measurements were made, the animal was again anesthetized, and a small craniotomy (ϳ3 ϫ 4 mm) was made over cortex overlying the IC. The craniotomy was bathed in chlorohexidine (0.2%), and a cotton pellet was placed over it and then covered with dental impression compound.
Recording procedures and data collection. All recordings were conducted in a double-walled, sound-insulated chamber. The rabbit's body was wrapped with a surgical towel held in place with wide elastic bandages (ACE). It was then seated in a padded cradle and further restrained using nylon straps. The wrap and straps provided only mild restraint, with their primary purpose being to discourage movements that might cause injury to the rabbit. The rabbit's head was fixed by mating the head appliance to a horizontal bar with 6-32 threaded socket head screws. Once the rabbit was secured, the craniotomy was exposed. To eliminate possible pain or discomfort during the penetration of the electrode, a topical anesthetic (Marcaine) was applied to the dura for ϳ5 min and then removed by aspiration. With these procedures, rabbits remained still for a period of 2 or more hours, an important requirement for neural recording. Each rabbit participated in daily recording sessions over a period of several months. A session was terminated if the rabbit showed any signs of discomfort. The rabbit's comfort was a priority both for ethical reasons and because movements made it difficult to record from neurons.
Action potentials were recorded extracellularly with tungsten-inglass microelectrodes (tip diameter of ϳ1 m, impedances of 5-10 M⍀). The recordings were amplified at a gain of 2-20k and filtered (0.3-3 kHz), and the action potentials were triggered using a window discriminator (BAK Electronics, Germantown, MD) and timed relative to the stimulus onset with an accuracy of 10 s. The recordings were from single units or clusters comprising two to three units based on the height of their action potentials evaluated visually. The waveforms of the neural signals and the stimuli were recorded continuously (Adobe Audition), which allowed for subsequent reexamination.
VAS stimulus generation.
For each azimuth location, we generated VAS stimuli by filtering noise bursts (0.2-20 kHz, 100 or 200 ms in duration presented every 700 or 900 ms, 4 repetitions) with the individual rabbit's HRTF. These stimuli were presented to the rabbit using TDT System-2 hardware and custom software written in Matlab by Marcel van der Heiden (University of Utrecht, The Netherlands). These VAS stimuli were delivered to the two ears through Beyer DT-48 or Beyer DT-770 earphones coupled to a sound tube embedded in the custom-fitted ear molds to form a closed system. The distal end of the sound tube was at the same location as the microphone used in the HRTF measurements. The frequency responses of the sound delivery systems for the two ears were measured using a microphone (B&K type 4133) connected to a probe tube that extended to the tip of the sound delivery tube. Compensation of the system's frequency response was incorporated into sound stimuli. In addition to the VAS stimuli, we used pure tones (100 ms every 300 ms repeated 4 times, 4 ms rise/fall) between 0.2 and 32 kHz in one-third octave steps at a constant level (30 -70 dB SPL, re: 20 Pa; time) to measure each unit's best frequency.
Data analysis. Figure 1 shows our general approach to measure azimuth tuning of IC neurons. We first determined the unit's best frequency by delivering tone bursts, in this case at 50 dB SPL. The best frequency of the unit was 16 kHz (Fig. 1A) . To determine the unit's threshold for VAS stimulation, we set the azimuth to Ϫ75°and varied the stimulus level over a 50-dB range in 10-dB steps. We then delivered VAS stimuli at a level 10 dB above the unit's threshold for azimuths ranging between Ϯ150°in 15°steps. This level on average corresponded to 29 dB SPL. These stimuli were delivered in random order, and the response to the initial azimuth was discarded to minimize adaptation effects. Figure 1B displays this unit's response as a dot raster over the initial 200 ms of the stimulus period (i.e., 700 ms). The azimuths are shown in a systematic order, although they were taken in a random order. It is clear that the bulk of the driven activity is between Ϫ45°and 30°. The negative azimuths correspond to sounds in the contralateral hemifield (re: recording site). In Fig. 1C , the neural firing rates during the stimulus burst after removal of the Fig. 1 . Analysis of an inferior colliculus (IC) neuron's responses. A: firing rate as a function of tone frequency at 50 dB SPL: the best frequency was 16 kHz. B-D: responses of the same neuron to virtual auditory space (VAS) wide-band noise stimuli at various azimuths at 10 dB (above neural threshold). B: spike time raster of the response to 4 repetitions of the 100-ms burst (repeated every 700 ms) of the VAS stimulus at each azimuth. C: the responses in B plotted as a function of azimuth in Cartesian coordinates. The solid circles depict the actual responses, and the line depicts the smoothed and interpolated responses. The best azimuth corresponds to the azimuth that evoked the maximum response. The half-width is measured 50% down from the maximum response. D: the same responses plotted in polar coordinates. The summed vector of the responses is also plotted. From this plot we derived 5 measures: enclosed area (12%), half-width (53°), vector strength (VS; 0.62), vector angle (VA; Ϫ27°), and best azimuth (Ϫ34°). spontaneous activity measured during the last 100 ms of the silent period are plotted in Cartesian coordinates (solid circles). If this subtraction yielded negative values, we made the azimuth function positive by adding a constant (absolute value of the minimum). We then interpolated and smoothed this function over a Ϯ180°range (line). In Fig. 1D , the two azimuth functions are displayed in polar coordinates. From the smoothed function we derived the following measures: the enclosed area (12%), half-width (53°), vector strength (0.62), vector angle (Ϫ27°), and best azimuth (Ϫ34°). Vector strength and angle measures were computed using the original definition of Goldberg and Brown (1969) .
RESULTS
This study is based on 178 units (47% single units, 53% unit clusters) in 2 rabbits. The predominant portion (89%) of the sample had best frequencies between 2.24 and 29 kHz. The change in azimuth tuning across stimulus level for our total sample is described in Fig. 3 . The distributions of percent area enclosed, half-width, vector strength, vector angle, and best azimuth as a function of stimulus level are shown in the top 5 rows of Fig. 3 . The bottom row is a summary of these distributions in the form of the median Ϯ semi-interquartile range. The sharpness of azimuth tuning broadened with increasing stimulus level, and this is visible in all three measures of tuning sharpness; area enclosed increased from 26% to 44%, half-width increased from 124°to 248°, and vector strength decreased from 0.44 to 0.22. The direction of azimuth tuning as measured by vector angle shifted from Ϫ68°at 10 dB to Ϫ93°a t 50 dB, and its distribution became tighter with increasing stimulus level. Best azimuth shifted from Ϫ62°to Ϫ82°, but its distribution became broader with stimulus level.
The degree of level tolerance in azimuth tuning varies among neurons (e.g., Fig. 2 ). We investigated the hypothesis that certain neurons exhibit level-tolerant azimuth tuning, i.e., no significant changes in vector strength and vector angle across stimulus levels. To test this hypothesis, we first selected units that were tested at 10, 30, and 50 dB (n ϭ 108) and rank-ordered this sample based on vector strength at 50 dB. We then subdivided it into three subpopulations: top 10%, top 50%, and all. The rate-azimuth functions (Fig. 4 , top row) and the normalized rate-azimuth functions (second row) in each population were averaged. For each population, vector strength and vector angle are plotted (third row). In the bottom row, the mean and standard deviation of the individual unit's vector strength and vector angle in each population is plotted. The patterns of change in vector strength and vector angle with stimulus level are similar whether the measures are derived from the population mean azimuth functions (Fig. 4, third row) or from the mean of the individual unit's measures (Fig. 4 , bottom row). As in the total distribution (Fig. 3) , the azimuth tuning of the "all" population (Fig. 4 , right column) exhibited broadening in that vector strength decreased with stimulus level. In contrast, the azimuth tuning of the top 10% and 50% subpopulations (Fig. 4 , left and middle columns, respectively) remained relatively constant across stimulus level. The amount of change in vector strength across stimulus level was examined using a repeated-measures analysis of variance (ANOVA). There were no statistically significant differences for the top 35% of the units [F ϭ 3.12, degrees of freedom (df) ϭ 2, 37, P Ͼ 0.01], indicating level-tolerant behavior for this subpopulation. The vector angle shifted laterally with increasing stimulus level, and the amount of change was greater between 10 and 30 dB compared with that between 30 and 50 dB. There were no statistically significant differences (P Ͼ 0.01) in vector angle only for the top 15% of the units (F ϭ 4.33, df ϭ 2, 15, P Ͼ 0.01). If we require no significant change in both vector strength and vector angle across stimulus levels, then only the top 15% satisfied this criterion for stimulus levels between 10 and 50 dB. If we apply this criterion to stimulus levels only between 30 and 50 dB, then the top 85% satisfied this criterion (F ϭ 5.54, df ϭ 1, 92, P Ͼ 0.01). This difference between the top 15 and 85% indicates that level tolerance is more prevalent and robust for higher stimulus levels (30 to 50 dB).
Comparison of azimuth tuning to binaural and contralateral ear stimulation. We examined the difference in azimuth tuning to binaural and monaural stimulation to determine the importance of binaural cues in azimuth tuning. The extent to which azimuth tuning to binaural stimulation is disrupted under monaural stimulation will indicate the importance of binaural cues. This study is based on a subset of 105 units tested with binaural and contralateral ear stimulation. At 10-dB stimulus level, the azimuth tuning was often similar whether the VAS stimuli were presented binaurally or to the contralateral ear alone (re: recording site). Figure 5 shows this property using six example units. In each polar plot, the binaural response is shown in black and the contralateral response in gray. To compare the azimuth tuning to the binaural and contralateral ear stimulation at 10 dB, we show the distributions of our five measures in Fig. 6 , top and middle rows. The graphs in Fig.  6 , bottom row, compare each measure under the two modes of stimulation. For percent area enclosed and vector strength, the contralateral response in each unit was divided by the corresponding binaural response. This ratio was concentrated around 1, the expected ratio if the two responses are the same. For vector angle and best azimuth, the binaural response was subtracted from the contralateral response. This difference was concentrated around 0, the expected difference if the two responses are the same. We compared the binaural and contralateral ear measures using a paired t-test and found no significant differences (P Ͼ 0.01) in area (t ϭ 1.95, df ϭ 109), half-width (t ϭ 2.13, df ϭ 109), vector angle (t ϭ 1.31, df ϭ 97), and best azimuth (t ϭ 2.39, df ϭ 97). The difference between the mean binaural and contralateral vector strengths was rather small (0.05), albeit significant (t ϭ 3.57, df ϭ 109; P Ͻ 0.001).
With increasing stimulus level, the azimuth tuning for contralateral stimulation degraded compared with that for binaural stimulation. This property is illustrated using five example units (Fig. 7) . The top 3 rows show the tuning to binaural (black) and contralateral (gray) stimulation at 10, 30, and 50 dB. The fourth row displays the vector strength for the binaural and contralateral responses at these stimulus levels. The binaural tuning as measured by vector strength (black lines) remained relatively stable across stimulus level. In contrast, the tuning to contralateral stimulation (gray lines) was broader and in examples 2, 4, and 5 degraded with increasing stimulus level. When the response was greater to binaural stimulation than to contralateral ear stimulation, we defined the difference summated over a region of azimuth to be the binaural facilitation area; when the relationship was reversed, we defined the difference to be the binaural suppression area. These measures are same as those used by Delgutte et al. (1999) . The facilitation and suppression areas are plotted as a function of the three stimulus level for the five examples in the bottom row of Fig. 7 . Examples 2-4 show a combination of facilitation and suppression, whereas example 1 only shows facilitation and example 5 only shows suppression. Binaural facilitation and suppression, when present, were most prominently in the contralateral and ipsilateral sound fields, respectively. This feature is further illustrated in Figs. 8 and 9 .
To examine binaural facilitation and suppression in population responses across stimulus level, we selected only those units that were tested with binaural and contralateral stimulation at 10, 30, and 50 dB (n ϭ 75). In a way analogous to the procedure used in Fig. 4 , we subdivided the binaural-contralateral sample into three subpopulations: top 10%, top 50%, and all. Figure 8 shows averaged azimuth responses to binaural and contralateral stimulation for each subpopulation at the three stimulus levels (top 3 rows). For each population, vector strength is plotted separately for binaural and contralateral stimulation (4th row). In all of the three subpopulations, the vector strengths to binaural and contralateral ear stimulation were similar at 10 dB. However, the vector strengths to contralateral ear stimulation decreased substantially with increasing stimulus level, whereas that to binaural stimulation hardly changed with stimulus level. These contrasting patterns were verified as a significant interaction between stimulus level (10, 30, and 50 dB) and stimulation mode (binaural and contralateral ear) using a two-factor repeated-measures ANOVA. Significant interactions were present in all of the three subpopulations (top 10%: F ϭ 11.6, df ϭ 2, 14, P Ͻ 0.001; top 50%: F ϭ 35.6 , df ϭ 2, 74, P Ͻ 10 Ϫ11 ; all: F ϭ 16.2 , df ϭ 2, 148, P Ͻ 10 Ϫ6 ). Binaural facilitation and suppression are plotted as a function of stimulus level for the 3 populations in the bottom row of Fig. 8 . In all populations, both facilitation and suppression are present only at 30 and 50 dB. In the top 10% subpopulation, the degree of binaural suppression was the greatest and the azimuth tuning was the most level tolerant. The feature of binaural facilitation and suppression present in the contralateral and ipsilateral sound fields, respectively, is further illustrated in Fig. 9 , which shows that when the sound source was at 90°on the contralateral side, the bulk of the units at 30 and 50 dB (71 and 72%, respectively) showed binaural facilitation. In contrast, at 90°on the ipsilateral side, the bulk of the units at 30 and 50 dB (83 and 74%, respectively) showed binaural suppression. At 0°, binaural suppression and facilitation were nearly equally divided. At 10 dB, binaural suppression and facilitation were nearly equally divided at all of the three azimuths. Furthermore, the strength of binaural suppression and facilitation at ϩ90°and Ϫ90°, respectively, increased with increasing stimulus level. The combined consequence of this facilitation and suppression is to confine the azimuth tuning to the contralateral field over a wide range of stimulus levels.
Comparison of the sharpness of azimuth tuning as measured by vector strength and area enclosed between binaural and contralateral stimulation across stimulus level is shown in Fig. 10, A and B . The median vector strength (Fig. 10A) changed more across stimulus level under contralateral stimulation (shaded bars, 0.41 to 0.10) than under binaural stimulation (solid bars, 0.45 to 0.22). Similarly, the area enclosed (Fig.  10B ) changed more under contralateral stimulation (29 to 59%) compared with binaural stimulation (27 to 47%). Figure 10C shows the percentage of units with vector strength Ͼ0.15, a minimum value that still exhibits visible tuning. The percentage of units meeting this criterion decreased much more under contralateral (from 92 to 24%) than under binaural stimulation (96 to 72%). Figure 10D shows the percentage of units exhibiting a single peak, another criterion of a tuned azimuth response. Again, the percentage of units meeting this criterion decreased much more under contralateral (from 85 to 31%) than under binaural stimulation (92 to 77%).
DISCUSSION
The significance of the present study is that it presents a systematic evidence for neural coding of azimuth in IC neurons in the unanesthetized rabbit. It encompasses azimuth tuning to binaural and contralateral ear stimulation over a nearly 360°r ange of azimuths and a 10-to 50-dB (re: neural threshold) range of stimulus level. We found the following: 1) leveltolerant azimuth tuning was observed in the top 35% regarding vector strength and in the top 15% regarding vector angle of IC neurons; 2) preserved azimuth tuning to binaural stimulation at high stimulus levels was created as a consequence of binaural facilitation in the contralateral sound field and binaural suppression in the ipsilateral sound field; 3) the direction of azimuth tuning to binaural stimulation was primarily in the contralateral sound field, and its center shifted laterally toward Ϫ90°with increasing stimulus level; 4) at 10 dB, azimuth tuning to binaural and contralateral stimulation was similar, indicating that it was mediated by monaural mechanisms; and 5) at higher stimulus levels, azimuth tuning to contralateral ear stimulation was severely degraded. These findings fill a major void and represent a comprehensive picture of azimuth tuning to binaural and contralateral ear stimulation over essentially a full range of azimuths and a wide range of stimulus levels in an unanesthetized animal.
Anesthesia. Nearly all previous studies have used an anesthetized preparation. Barbiturates, a commonly used type of anesthetic, are known to potentiate GABA-mediated inhibition (Barker and Ransom 1978) . Binaural processing in the form of tuning to interaural time differences became sharper under barbiturate anesthesia in the IC of the rabbit . Furthermore, tuning to interaural time differences became broader when GABA was blocked and sharper when GABA was applied (D'Angelo et al. 2005 ). This may explain why the median half-width of Delgutte et al. (1999) (64°) , who used barbiturate anesthesia, was less than one-half that of ours (143°) at comparable stimulus levels (10 -20 dB). Sterbing et al. (2003) , who used ketamine anesthesia, also reported sharp half-widths (60°). Anesthetic potentiation of inhibition is expected to sharpen azimuth tuning, because the azimuth function is suppressed, leaving only the portion near peak visible. The differences in half-widths between our study and that of Delgutte et al. (1999) could not be attributed to different best frequencies, because the large difference in half-width remained even when we matched the range of our units' best frequencies to theirs. We are aware of only two studies that examined azimuth in unanesthetized animals. Although Zwiers et al. (2004) examined azimuth tuning in the IC of the awake monkey, the tested azimuth range was too narrow (Ϯ30°) to make any meaningful comparisons with data from the present study. Groh et al. (2003) also used an awake monkey preparation and tested over a Ϯ90°r ange. In contrast to the present and other studies, they observed no IC neurons with peak-type tuning. The reasons for this discrepancy are not clear.
Azimuth range. Most studies have tested only a limited range of azimuths in the frontal field. Consequently, estimates of the direction of azimuth tuning are biased toward the neurons tuned to the frontal field. Sterbing et al. (2003) tested the full range of azimuths and found that 75% of the units were tuned to the contralateral side and 56% were tuned to the front at 70 dB SPL. When our observations are divided in this way at comparable stimulus level, they are similar to their findings, i.e., 83% to the contralateral sound field and 57% to the frontal sound field. Because they did not provide fine grain distributions, detailed comparisons with our study cannot be made. Behrend et al. (2004) also tested the full range of azimuths and reported a mean centroid of about 90°in the contralateral sound field at stimulus levels 0 -20 dB above neural threshold. At comparable levels, our median vector angle was 72°in the contralateral sound field.
Stimulus level range. Although many studies included examples of azimuth tuning at multiple stimulus levels, this was rarely performed systematically in a large sample of IC neurons. Aitkin et al. (1984) reported that 53% of their sample was azimuth sensitive, and of these, 36% were level tolerant. However, their testing of "at least 2 levels between 10 and 70 dB above threshold" is not systematic. Furthermore, they provided no criterion for level tolerance. Poirier et al. (2003) did systematically test azimuth tuning across a wide range of levels. However, their focus was on IC neurons exhibiting azimuth directionality to monaural stimulation, and they provided no distributions of sharpness and direction of azimuth tuning.
At low levels, Delgutte et al. (1999) observed that 21% had best azimuths between 0°and 45°on the contralateral side. Similarly, we found that 25% at 10 and 20 dB had the same best azimuths. However, at higher stimulus levels, the direction of azimuth tuning shifted to more lateral positions as measured by best azimuth and vector angle. This shift with level was not reported in previous studies.
Comparison of tuning to binaural and contralateral ear stimulation. Although it is often stated that azimuth tuning at a low stimulus level is governed by monaural mechanisms (Delgutte et al. 1999; Semple et al. 1983; Sterbing et al. 2003) , except for the present study, there is no study that provides systematic comparisons of azimuth tuning to binaural and contralateral ear stimulation for a large sample of neurons. Our findings provide strong evidence for the concept that azimuth tuning at low stimulus levels is governed by monaural mechanisms.
Comparison of azimuth tuning to binaural and contralateral ear alone stimulation is uncommon. Delgutte et al. (1999) and Poirier et al. (2003) observed that IC units exhibited binaural facilitation, binaural suppression, or a mixture of the two. We also observed these properties. Delgutte et al. (1999) compared azimuth tuning to binaural and contralateral ear-alone stimulation mostly at a single stimulus level, 15-20 dB above threshold. Their facilitation-suppression, mixed-type neurons (30/102 units) showed facilitation on the contralateral side and suppression on the ipsilateral side, but whether the other neurons (suppression type and facilitation type) also acted in this manner was not described. They also did not systematically examine the effect of stimulus level on the relationship between responses to binaural and contralateral ear stimulation. We found that the strength of binaural suppression and facilitation increased with stimulus levels and that at higher stimulus levels, the bulk of the total sample showed binaural facilitation at 90°on the contralateral side and binaural suppression at 90°on the ipsilateral side.
Species difference. Delgutte et al. (1999) noted that their tuned neurons at 15-20 dB had best azimuths that were rarely more contralateral than 18°. They suggested that such neurons would be most suitable for enhancing azimuth acuity near the midline, where psychophysical performance is the best in the cat (Heffner and Heffner 1988; May 1996a, 1996b) . In the rabbit, we found no analogous concentration of best azimuths or vector angles at 20 dB. In the guinea pig, Behrend et al. (2004) found no units with best azimuths between 0 and 18°. The cat has forward-directed pinnas and eyes, the rabbit has laterally directed pinnas and eyes, and the guinea pig has forward-directed pinnas and laterally directed eyes. Whether these anatomical differences in the direction of the pinnas and eyes have neural correlates of azimuth tuning remains to be determined.
New measures of azimuth tuning. Common measures of azimuth tuning include half-width and best azimuth. Another measure, centroid, replaces best azimuth but does not represent sharpness of tuning (Behrend et al. 2004 ). The present study introduced new measures of azimuth tuning: area enclosed, vector strength, and vector angle. Although vector strength and vector angle are commonly used to assess temporal synchrony (Goldberg and Brown 1969) , this is the first time that they have been used to assess azimuth tuning. The advantage of vector angle over best azimuth is that vector angle represents the responses over all azimuths, whereas the best azimuth uses only the response at a single azimuth. The advantages of area enclosed and vector strength over half-width are that these new measures represent responses at all azimuths, whereas halfwidth uses only a limited part of the azimuth function.
Coding of azimuth. The observation that, in many units, the azimuth tuning broadened and its direction shifted toward Ϫ90°with increasing stimulus level raises a question of how such neural responses may contribute to the perception of sound-source azimuth. One possibility is that the coding of azimuth could be achieved by a select population of neurons whose sharpness and direction of azimuth tuning do not change with stimulus level. A notable proportion of IC units exhibit this property.
The bulk of our units at high stimulus levels showed a vector angle preference near Ϫ90° (Fig. 3) . This was the case across best frequency. How could this feature be used to code the azimuth location of a sound source? One way would be to use pinna/head movements. For example, if the sound source was at Ϫ30°, the maximum neural response would occur if the head/pinna turned 60°clockwise. In this case the sound source direction relative to the new head/pinna position is Ϫ90°. Therefore, the system may operate by finding the optimal head/pinna position to maximize the neural activity. This view is supported by the observations that sound localization is more accurate when the head is free to move (Lambert 1974; Populin 2006; Tollin et al. 2005) .
Coding of azimuth may have some analogy to frequency coding. At low stimulus levels, many neurons in the IC and other auditory structures exhibit sharp frequency tuning, and with increasing stimulus level, the frequency response area broadens and the best frequency shifts (Kuwada et al. 1984; Rose et al. 1963) . These level-dependent changes in frequency response areas are analogous to the level-dependent changes in azimuth tuning (i.e., sharp tuning that is distributed over a range of directions at low stimulus levels and broad tuning that shifts toward Ϫ90 degrees at high stimulus levels). Except for pitch perception, which is thought to be based on a temporal code (Shepard 1964) , frequency is generally believed to be represented tonotopically by a place code despite the leveldependent changes in frequency-response areas. Analogously azimuth may also be represented by a place code. Evidence for such a code is present in the mammalian superior colliculus (Middlebrooks and Knudsen 1984; Palmer and King 1982) , nucleus of the brachium of the IC (Schnupp and King 1997) , and the external nuclei of IC (Binns et al. 1992 ) and in their avian homologues (Knudsen and Konishi 1978; Gutfreund et al. 2002) . There is only a single report of a topographic map of azimuth in the pericentral and central nucleus of the IC, and it was observed in neurons with best frequencies below 3 kHz (Aitkin et al. 1985) .
We could not assess the issue of topography of azimuth tuning because the recordings were conducted in daily sessions over several months in each rabbit. A common method of identifying the location of a recording site with a lesion is not suitable because many such lesions would destroy the structure. Furthermore, over several months the brain shifts relative to the skull, making the use of a skull-referenced coordinate system unreliable.
Future directions. Considering that we found that binaural cues were essential for azimuth tuning at suprathreshold levels, the next step would be to determine the roles of individual binaural cues (interaural time and level differences). The VAS method is well suited to perform such studies. The present study investigated azimuth tuning using a fixed elevation (0°), a fixed distance (80 cm), and a fixed environment (anechoic). Future studies should investigate how these variables affect neural coding of sound source location in an unanesthetized preparation.
